We isolated a novel apoptosis-inducing component, tryptophol, from vinegar produced from boiled extract of black soybean (black soybean vinegar). Compound-6 purified from an ethyl acetate extract of black soybean vinegar using high performance liquid chromatography (HPLC) induced fragmentation of DNA and the development of apoptotic bodies (characteristic physiological features of apoptosis) in U937 cells. By analysis of chemical structure, this active compound was identified as tryptophol. Tryptophol induced apoptosis involving caspase-8 and -3 activation, followed by cleavage of poly (ADP-ribose) polymerase (PARP), as shown by measurement of enzyme activity and immunoblot analysis. The cell viability of normal lymphocytes separated from human blood was less affected by tryptophol, and fragmentation of DNA was not induced in normal lymphocytes. These results indicate that tryptophol isolated from black soybean vinegar inhibited the proliferation of U937 cells by inducing apoptosis via a pathway involving caspase-8 followed by caspase-3, without affecting normal lymphocytes.
The manufacturing process in a natto (traditional Japanese fermented soybean product) factory yields about 1 ton/d of boiled extract of black soybean as a waste product. It has been reported that black soybean has physiological activities, including radical-scavenging activity, 1) antitumor activity, 2) antiviral activity, 3) and the ability to improve blood fluidity. 4) These physiological activities would be expected to be present in black soybean boiled extract because the extract contains the same components the whole bean does.
Vinegar is traditionally used as a seasoning in Asian countries, and it also has medicinal uses due to its physiological functions. For instance, the Japanese unpolished vinegar called Kurosu has been found to have high levels of antioxidative and antitumor activity. [5] [6] [7] [8] We have reported that the boiled extract of black soybean is employed as a raw material in vinegar production (termed to black soybean vinegar), and that its ethyl acetate extract induces apoptosis in U937 cells without affecting normal lymphocytes, 9) but we did not identify the active component.
Apoptosis, which is defined as programmed cell death, plays important roles in developmental processes, the maintenance of homeostasis, and the elimination of damaged cells. It is characterized by cell shrinkage, membrane blebbing, chromatin condensation, and fragmentation of DNA. [10] [11] [12] [13] [14] Recently, several food constituents have been reported to exert antitumor activity by inducing apoptosis. [15] [16] [17] [18] For instance, various types of tea catechins, which are prominent constituents of green tea, have been shown to have apoptosis-inducing activity at various concentrations. 19) Dietary indoles and isothiocyanates generated from cruciferous vegetables such as broccoli, cabbage, and cauliflower can induce apoptosis in human colon cell lines. 20) Epidemiological research has shown that dietary botanicals containing these components might have cancer-preventive effects. [21] [22] [23] [24] It is known that caspases, a novel class of cysteine aspartic acid-specific proteases, play a crucial role in apoptosis induction; the apoptosis signal is transduced by sequential activation of these enzymes. 25, 26) It has been proposed that two different caspases, caspase-8 and -9, mediate distinct types of apoptotic stimuli. Caspase-8-dependent apoptosis is known to be initiated by cellsurface death receptors such as Fas (FS7-associated cellsurface antigen), tumor necrosis factor receptor (TNFR)-1, and death receptors (DR)-4 and DR-5. 27) On the other y To whom correspondence should be addressed. Tel/Fax: +81-96-342-3669; E-mail: morimura@gpo.kumamoto-u.ac.jp hand, the involvement of mitochondria has been implicated in caspase-9-dependent apoptosis. 28) In this study, we isolated a novel apoptosis-inducing component, tryptophol, from black soybean vinegar, investigated its chemical structure, and elucidated the recruited caspase cascade. We also evaluated the cell toxicity of tryptophol against U937 cells and normal lymphocytes.
Materials and Methods
Materials and chemicals. Human leukemic U937 cells were obtained from the Health Service Research Resources Bank (Osaka, Japan). RPMI 1640 medium, fetal bovine serum, and antibiotics (penicillin, streptomycin, and amphotericin) were purchased from Iwaki Glass (Chiba, Japan). Sodium iodide (NaI), sodium dodecyl sulfate (SDS), ethylenediamine tetraacetic acid (EDTA), and glycogen were obtained from Nacalai Tesque (Kyoto, Japan); N-sodium dodecanyl sarcosinate from Wako Chemical (Tokyo); and proteinase K and RNaseA from Nippon Gene (Toyama, Japan). A general caspase inhibitor (Z-Asp-CH 2 -DCB) was obtained from the Peptide Institute, (Osaka, Japan). Caspase-8 inhibitor (Ac-IETD-FMK), caspase-9 inhibitor (Ac-LEHD-FMK), caspase-3 inhibitor (Ac-DEVD-FMK), and monoclonal antibodies against caspase-3, -8, and -9, and Bid were obtained from Medical and Biological Laboratory (MBL) (Nagoya, Japan); poly (ADP-ribose) polymerase polyclonal antibody from Biomol (Plymouth Meeting, PA); anti-rabbit IgG polyclonal antibody conjugated to peroxidase from Toyobo (Kyoto, Japan); and molecular mass markers for proteins from Amersham Pharmacia Biotech (Little Chalfont, UK). Polyvinyl difluoride (PVDF) membrane for immunoblot analysis was obtained from Atto (Tokyo); lymphosepar from Immuno-Biological Laboratories (Tokyo); and phytohemagglutinin-M (PHA-M) from Gibco Laboratories (Grand Island, NY). All other chemicals were of analytical grade, and were purchased from Nacalai Tesque (Kyoto, Japan).
Fractionation of black soybean vinegar and preparation for assay. Black soybean vinegar produced on a laboratory scale was extracted with ethyl acetate, as described in our previous report.
9 ) The ethyl acetatesoluble fraction dissolved in 50% methanol in water was filtered through a DISMIC-25C cellulose acetate membrane, (0.45 mm, Advantec, Tokyo) and separated by a Gilson high-performance liquid chromatography (HPLC) system using L-columnÔ ODS (20 Â 250 mm, 5 mm particles; CERI, Saitama, Japan). The mobile phase had the following composition: (A) methanol/ H 2 O/5N HCl = 10/89.1/0.1, and (B) CH 3 CN/H 2 O/5N HCl = 50/49.9/0.1. Elution was performed under the following conditions: 0-10 min, isocratic elution of 100% A; 10-80 min, a linear gradient of 0 to 40% B; 80-100 min, a linear gradient of 40 to 100% B; 100-120 min, isocratic elution of 100% B; 120-135 min, a linear gradient of 100 to 0% B. The flow rate was 10 ml/ min. The absorbances at 220 nm were monitored using an ultraviolet-visible (UV/VIS) detector, and the column temperature was maintained at 30 C. Each fraction, repeatedly corrected by HPLC, was lyophilized with a freeze-dryer and dissolved in phosphate-buffered saline (PBS). The solvent was adjusted to pH 7.0 with the addition of 1 N NaOH, filtered through a DISMIC-25C, and used for the assays. The sample concentration was expressed as mg of dried matter per ml of culture medium.
Cell culture. U937 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml), streptomycin (100 mg/ml), and amphotericin B (0.25 mg/ml) at 37 C under 5% CO 2 .
Determination of DNA fragmentation. For DNA fragmentation analysis, U937 cells and normal lymphocytes (4 Â 10 5 cells) were pelleted by centrifugation, and DNA was isolated from the cell pellets as described in the previous report.
9) Equivalent amounts of DNA (1 mg) were then subjected to electrophoresis in 1.5% agarose gel, stained with ethidium bromide, and imaged with a FluorImager (FASIII, Toyobo, Osaka, Japan).
Determination of apoptosis by ELISA. The extent of apoptosis was determined using a Cell Death Detection ELISA plus Kit (Roche Biochemical, Mannheim, Germany). ELISA assay was carried out according to the manufacture's instructions. The assay is based on the enrichment of mono-and oligonucleosomes in apoptotic cells. The enrichment factor was calculated by dividing the absorbance of the sample by the absorbance of the controls without treatment.
Analysis of chemical structure. Purified compound-6 was structurally analyzed by HPLC, UV/VIS spectroscopy, mass spectroscopy (MS), and with 1 H-and 13 C-nuclear magnetic resonance (NMR). UV/VIS spectra were measured with a UV-1700 UV spectrophotometer (Shimadzu, Kyoto, Japan) in MeOH. HPLC analysis was carried out by the method described above. MS spectra were obtained using a LCmate mass spectrometer (JEOL, Tokyo) with positive-mode, atmospheric pressure chemical ionization (APCI).
1 H-and 13 C-NMR spectra were recorded with a Unity Inova spectrometer (Varian, Tokyo) equipped with Oxford AS 400 in a solvent of methanol-d (CD 3 OD) or chloroform-d (CDCl 3 ), using tetramethylsilane (TMS) as an internal standard.
Assay for cell viability. The cell toxicity of test samples was determined using the WST-8 assay method as described in the previous report. 9) Briefly, U937 cells and normal lymphocytes were subcultured in 96-well plates at a density of 10 4 cells/well for 12 h and then treated with different doses of test samples. After incubation for 24 h, WST-8 reagent was added to each well. After incubation for 2 h, the inhibitory effects of test samples on U937 cells and normal lymphocytes were evaluated by measuring absorbance at 490 nm, and the cell survival ratio was obtained.
Determination of caspase activity. The time courses of caspase-3, -8, and -9 activities were determined using a Caspase Colormetreic Protease Assay Kit (MBL), according to the manufacturer's instructions. After treatment with 80 mg/ml of tryptophol for 2, 4, 6, 8, 12, 16, and 24 h, cells were collected, washed with PBS, and lysed in lysis buffer (provided in the kit) for 15 min at 4 C, followed by centrifugation at 15;000 Â g for 10 min. Reaction mixtures containing substrate peptides such as IETD-, LEHD-, and DEVE-p-nitroanilide (pNA) specific for caspase-8, -9, and -3, respectively, cytosolic extracts (50 mg of total protein), and reaction buffer were incubated in 96-well plates at 37 C. The activity of each caspase was evaluated by measuring absorbance at 600 nm on the ELISA reader.
Immunoblot analysis. U937 cells treated or not treated with 80 mg/ml of tryptophol at 24 h were harvested, washed twice with ice-cold PBS, and lysed with lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% w/v SDS, 1% w/v Triton X-100, 1% w/v deoxycholic acid, 1 mg/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride). Whole cell lysates were incubated with SDSdenaturing buffer (125 mM Tris-HCl, pH 6.8, 10% v/v 2-mercaptoethanol, 4% w/v SDS, 0.1 g/ml sucrose, and 0.1 mg/ml bromophenol blue) for 5 min at 100 C. Protein concentration was determined using a BCA protein assay kit (Pierce, Rockford, IL). Protein (50 mg) was separated on 10% SDS-polyacrylamide minigels for PARP detection and 12% SDS-polyacrylamide minigels for caspase-3, -8, and -9, and Bid detection with SDS buffer (25 mM Tris-HCl, pH 7.4, 192 mM glycine, and 1% w/v SDS), and then transferred to a PVDF membrane with transfer buffer (25 mM Tris-HCl, pH 8.9, 192 mM glycine, and 10% v/v methanol). The membrane was blocked in 0.3% v/v skim milk solution for 1 h at room temperature, and then incubated for 1 h at 4 C with primary antibody (1:1000 dilution). After hybridization with primary antibodies, the membrane was washed with TBST (Tris buffered saline Tween-20; 25 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 0.1% w/v Tween-20) three times, incubated with HRP-labeled secondary antibody (1:10,000 dilution) for 1 h at room temperature, and washed with TBST three times. Final detection was performed by enhancement of the chemiluminescence reagent.
Preparation of human lymphocyte cells. Heparinized blood (30 ml) collected from healthy human volunteers at the Health Care Center of Kumamoto University was diluted by half with physiological saline. The diluted blood was layered over 10 ml of lymphosepar in a centrifuge tube. The tube was centrifuged at 400 Â g at room temperature for 30 min. The lymphocyte layer was transferred to a new centrifuge tube, diluted with an A, Ethyl acetate extract from black soybean vinegar was separated using HPLC under the conditions described in ''Materials and Methods.'' B, Purified compound-6 was loaded on HPLC. This compound was used for assays in this study. Absorbances at 220 and 280 nm were measured. equal volume of PBS, and centrifuged at 400 Â g at room temperature for 10 min. The precipitates were washed twice and suspended in RPMI1640 medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml), streptomycin (100 mg/ml), amphotericin B (0.25 mg/ml), and 2% PHA-M. The experimental procedures and protocol in this investigation was approved by the Ethics Committee of Kumamoto University.
Statistical analysis. All values are shown as the mean AE standard error (S.E.M). The difference between the groups was evaluated by Student's t test. Differences were considered to be significant for values of p < 0:05.
Results

Apoptosis induction of purified compounds
The HPLC chromatogram of the ethyl acetate extract of black soybean vinegar is shown in Fig. 1 . Ten compounds, main peaks of this HPLC chromatogram, were collected by repeated HPLC and used to examine apoptosis-inducing ability. Among all of the compounds, only purified compound-6 induced fragmentation of DNA with concentration and time dependently in U937 cells in electrophoresis and ELISA assay: fragmentation was inhibited by the general caspase inhibitor Z-Asp-CH 2 -DCB (100 mM) ( Fig. 2A, B) . A, The effect of compound-6 on fragmentation of DNA was examined. U937 cells were treated with the indicated concentrations of compound-6 for 24 h (a). U937 cells were treated with compound-6 at 80 mg/ml in the presence (+) or absence (À) of the general caspase inhibitor Z-Asp-CH 2 -DCB (100 mM) for 24 h (b). U937 cells were treated with 80 mg/ml of compound-6 for the indicated incubation times (c). DNA was extracted and separated on 1.5% agarose gel. M, DNA digested with Hind III. B, Determination of apoptosis was carried out by ELISA under the same conditions as A. The values shown are means (AE S.E.M) of triplicate experiments.
ÃÃ p < 0:01; Ã p < 0:05 (non-treated U937 cells versus tryptophol-treated U937 cells). C, Morphological changes in compound-6-treated U937 cells were observed. U937 cells were observed after the absence (a) or presence (b) of compound-6 at 80 mg/ml for 24 h. U937 cells pretreated with the general caspase inhibitor ZAsp-CH 2 -DCB (100 mM) were incubated in the presence of compound-6 at 80 mg/ml for 24 h (c). Arrows indicate apoptotic bodies. apoptotic bodies was observed by phase contrast microscopy in U937 cells treated with 80 mg/ml of purified compound-6 for 24 h, and was also inhibited by the general caspase inhibitor Z-Asp-CH 2 -DCB (100 mM) (Fig. 2C) .
Estimation of chemical structure of purified compound-6
Purified compound-6 was obtained by repeated HPLC as a pure compound in a total yield of about 6 mg from 1-liter of black soybean vinegar. The retention time (74 min) of compound-6 in HPLC under the conditions described above was the same as that of tryptophol. The spectrometric data were as follows: UV (methanol) max (log ") 223 (29300), 280 (4230) þ . These data identified the isolated compound as tryptophol (Fig. 3A) .
29)
Apoptosis-inducing ability of tryptophol and analog compounds DNA fragmentation of U937 cells treated with tryptophol and analog compounds were determined and compared, as shown in Fig. 3 . Both tryptophol and indole-3-carbinol induced DNA fragmentation at 0.5 mM. Tryptoamine and indole-3-carboxylic acid induced DNA fragmentation at 3 mM and 5 mM, respectively. These results indicate that the apoptosis-inducing ability of typtophol is equal to indole-3-carbinol and stronger than tryptoamine or indole-3-carboxylic acid.
Determination of caspase activity and cleavage of PARP
In order to examine the caspase activation for apoptosis induced by tryptophol, we investigated the activation of caspase-8, -9, and -3, and the cleavage of PARP. First we measured the time couse of caspase activity, as described in ''Materials and Methods.'' Caspase-8 and -3 activities were increased until 8 h in U937 cells treated with 80 mg/ml of tryptophol; after that the activities decreased, but caspase-9 was not activated until 24 h. (Fig. 4A) . Immunoblot analysis also showed cleavage of caspase-8 and caspase-3 followed by cleavage of PARP in U937 cells treated with 80 mg/ ml of tryptophol for 24 h; caspase-9 was not cleaved. The cleavage of caspase-9 in U937 cells treated with Actinomycin D is shown as a positive control. No cleavage of Bid was detected (Fig. 4B) . Inhibitory experiments were performed by pretreatment of specific caspase inhibitors. Tryptophol-induced apoptosis and caspase-3 activity were inhibited by caspase-8 inhibitor, Ac-IETD-FMK, but not by caspase-9 inhibitor, Ac-LEHD-FMK (Fig. 4C) . These results confirmed that tryptophol induced apoptosis involving caspase-8, but not involving caspase-9 followed by caspase-3. Difference in sensitivity of cell toxicity between U937 cells and normal lymphocytes WST-8 assay showed that tryptophol inhibited proliferation of U937 cells to a significantly greater extent than that of normal lymphocytes (Fig. 5A) . Tryptophol did not induce fragmentation of DNA in normal lymphocytes (Fig. 5B ). Caspase-3 activity increased in U937 cells treated with 80 mg/ml of tryptophol, but not in normal lymphocytes treated with the same concentration of tryptophol (Fig. 5C ).
Discussion
We have reported that an ethyl acetate extract of black soybean vinegar induced apoptosis in U937 cells. In this study, we isolated tryptophol, a novel apoptosis inducer, from ethyl acetate extract by HPLC.
Indole-3-carbinol (I3C), which is found in cruciferous vegetables such as broccoli, cabbage, and cauliflower, is an analog of tryptophol. I3C is known to have antimutagenesis and anti-promotion ability. 30) I3C and 3,3 0 -diindolylmethane (DIM), a dimer derivative of I3C, have been found to exert apoptosis-inducing ability via caspase activation and suppression of Bcl-2. [31] [32] [33] As shown in Fig. 3 , ability to induce DNA fragmentation induced by tryptophol was stronger than its analog compounds such as tryptoamine and indole-3-carboxylic acid. It is interesting that similar compounds, which have different kinds of functional groups, have different apoptosis-inducing abilities. It was found that the caspase-8 and -3 activities increased in U937 cells treated with 80 mg/ml of tryptophol for even 2 h, but that caspase-9 activity was not activated until 24 h (Fig. 4A) . It is thought that caspase-8 activated caspase-9 via the cleavage of Bid as a mediated protein, followed by the release of cytochrome c from mitochondria into cytosol. [34] [35] [36] In this study, no cleavage of the Bid was detected in U937 cells treated with 80 mg/ml of tryptophol (Fig. 4B) . Further study is required to clarify the reason Bid and caspase-9 are not activated. Death receptors on the cell membrane surface, such as Fas, TNFR-1, DR4, and DR5, may be involved in apoptosis via caspase-8 activation. 26) We may be able to elucidate the molecular mechanism of apoptosis induction in U937 cells treated with tryptophol in further study.
Tryptophol showed less cell toxicity against normal lymphocytes and did not induce apoptosis in them. The sensitivity of cells to toxic substances and the molecular mechanism of toxicity have been found to differ for different types of cells. 37, 38) For instance, in this study, tryptophol influenced caspase-3 activity in U937 cells, but not in normal lymphocytes (Fig. 5C ). Differences in cell toxicity and apoptosis induction as between U937 cells and normal lymphocytes might be caused by differences in the physiological phenotype, e.g., in the expression pattern of a functional protein such as a membrane receptor or an intracellular signal transduction factor. Therefore, it is possible that tryptophol can act as a cancer-chemoprevention agent without side effects.
Ethyl acetate extraction of unpolished vinegar (Kurosu) was reported to induce apoptosis, 5) but the apoptosis-inducing compound in the vinegar has not yet been identified. We have found that tryptophol is present in black soybean vinegar, but not in its raw materials, including black soybean boiled extract and rice koji (data not shown). From this result, we conclude that tryptophol was produced during alcohol fermentation using Saccharomyces cerevisiae kyokai no. 77 or acetate fermentation using Acetobacter aceti NBRC3283. However, the origin of tryptophol is not entirely clear, and requires further investigation.
In summary, we isolated tryptophol from black soybean vinegar. This substance induced apoptosis involving caspase-8 and -3 activation followed by cleavage of PARP in U937 cells, but did not affect normal lymphocytes. 
